Concentric left ventricular hypertrophy showed a tendency to lower S' in multivariate analysis (p = 0.13) but no association to diastolic function. Concentric left ventricular geometry was significantly associated with lower midwall fractional shortening. In summary, systolic and diastolic function assessed by tissue Doppler is impaired. eGFR, systolic blood pressure and the type of antihypertensive medications are significant predictors of diastolic function in children with CKD. Left ventricular morphology is largely independent of tissue Doppler velocities. Tissue Doppler velocities provide sensitive information about early left ventricular dysfunction in this population.
Chronic kidney disease (CKD) is associated with type 4 cardiorenal syndrome and an excessive mortality from cardiovascular disease (CVD). The rate of fatal cardiac events is highly increased in children on dialysis or after kidney transplantation compared to the general population and is the leading cause of death in this patient population 1 . Children with CKD are the population with the highest risk for cardiovascular disease. Alterations of the cardiovascular system can be identified at an early age in pediatric populations 1, 2 . Non-invasive exercise tests have shown impaired cardiac performance indices in asymptomatic adult pre-dialysis CKD patients 3 . Likewise in children with CKD, subclinical systolic dysfunction has been described using sophisticated echocardiographic measurements such as strain analysis and endocardial and midwall fractional shortening, while ejection fraction is usually normal 4, 5 . These findings add to conventional echocardiographic studies with distinct changes in cardiac morphology and geometry in children with CKD [4] [5] [6] [7] . Tissue Doppler measurements are a reasonable echocardiographic tool in pediatrics since they are non-invasive, hardly time-consuming, widely available and software independent compared to other measurements. The measurement of diastolic indices by Tissue doppler is of particular interest since diastolic dysfunction is regarded as the main abnormality in heart failure with preserved ejection fraction and in adults it is predictive of progress to overt heart failure 8 . Diastolic dysfunction has also been described as an integral part of cardiorenal syndrome type 4, which is increasingly diagnosed in adults with CKD and is associated with increased mortality rates up to an odds ratio of 4.4 for an eGFR of 40 ml/min/1.73 m 2 9,10 . Accordingly, the use of tissue Doppler imaging for evaluation of both diastolic and systolic function has been recommended by the American Society of Echocardiography and the European Society of Cardiology 11, 12 . Tissue Doppler measurements include both diastolic and systolic measurements (early diastolic mitral annulus velocity E' , late diastolic velocity A' , systolic velocity S'). Derived measures are the E'/A' ratio describing diastolic function and conventional E to tissue Doppler E' ratio (E/E' ratio), a surrogate of left ventricular filling pressure.
Few tissue Doppler studies, in small cohorts, have been conducted to date to evaluate both myocardial diastolic or systolic function in pediatric kidney disease [13] [14] [15] [16] . Since pediatric reference values have been provided, quantification of abnormal states across the pediatric age range is readily possible 17 . The present study aimed to describe diastolic and systolic function by tissue Doppler parameters in a large cohort of children with CKD and to identify factors associated with impaired systolic or diastolic function.
Results
Subject characteristics and conventional echocardiographic parameters. The characteristics of the 128 patients are shown in Table 1 . BP was elevated and increased with CKD stage. Serum parameters for albumin, hemoglobin and bicarbonate were stable across CKD stages, whereas serum inorganic phosphorus and iPTH levels increased with CKD stage. 61% of all patients were on antihypertensive medication; 44.5% received RAS inhibitors. 19.5% of patients were treated with combined antihypertensive medications, including a RAS inhibitor in 11.7%. For further description of antihypertensive medication, see Table 1 .
Diastolic function by conventional and tissue Doppler. Diastolic function measured by conventional
Doppler (E and E/A) ratio over the mitral valve was not different among CKD groups (Table 2 ). Tissue Doppler results are shown in Table 3 (TD Z-Scores), Table S1 (Unadjusted TD velocities) and Fig. 1 (TD Z-Scores). All correlation and regression analysis were performed with tissue Doppler Z-Scores. While diastolic TD velocities of the patients were mostly within normal ranges, Z-Scores of the early diastolic TD velocity (E') were reduced significantly while the late diastolic TD velocity (A') was significantly increased compared to a previously published healthy population 17 (Table 3 , Fig. 1 ). This resulted in a decrease of the TD E'/A' ratio Z-Scores, suggesting reduced diastolic function compared to healthy controls. The reduction of TD E'/A' Z-Scores were more pronounced at the septum. Diastolic TD velocities E' and A' Z-Scores were highly correlated to each other and to systolic TD velocity Z-Score (S') and E/E' Z-Scores (Table S2 , Supplement). Univariate analysis revealed significantly decreased TD E'/A' Z-Scores in dialysis patients and patients with CKD stage 4-5 compared to patients with milder chronic kidney disease (p < 0.05). In multivariate analysis, reduced TD E'/A' Z-Scores were associated with lower eGFR and increased systolic blood pressure. Patients treated with RAS inhibitors had a higher TD E'/A' Z-Score ratio compared to untreated patients (TD E'/A' −0.07 ± 0.31 vs −0.20 ± 0.29, p = 0.02) in univariate and multivariate analysis.
E/E' Z-Score, a surrogate for left ventricular filling pressure was significantly elevated both at the mitral and septal annulus (Table 3 , Fig. 1 ). E/E' Z-Score was highly negatively correlated to systolic TD velocity Z-Score (Fig. 2) . While E/E' Z-Score was not associated to either eGFR or systolic BP SDS, patients treated with RAS inhibitors had significantly lower E/E' Z-Score than patients treated with other antihypertensive drug classes or receiving no treatment in univariate and multivariate analysis ( Table 4 ). The Z-Score for E/E' in patients with RAS inhibition was 0.32 ± 0.64 vs 0.76 ± 1.18 without RAS inhibition (p = 0.02) in univariate analysis.
www.nature.com/scientificreports www.nature.com/scientificreports/ Systolic function. Systolic tissue Doppler velocity Z-Scores were again mostly within normal ranges, however significantly reduced at the septal but not at the mitral annulus (Table 3 , Fig. 1 ) compared to healthy controls. As described above, systolic function declined with increasing E/E' Z-Scores. By multivariate analysis renal function and blood pressure were not associated with systolic tissue Doppler velocity Z-Scores, nor was any other recorded clinical or biochemical parameter predictive of reduced systolic function. Systolic function assessed by tissue Doppler Z-Scores was slightly lower in patients with concentric LVH in multivariate analysis. Systolic function assessed by midwall fractional shortening (MFS) and endocardial fractional shortening (EFS) were highly inter-correlated (r = 0.66, p < 0.0001, Table S2), MFS was positively correlated to E' (r = 0.27, p < 0.05) and E'/A' Z-Scores (r = 0.21, p < 0.05), no other tissue Doppler measurement was correlated to MFS or EFS.
Left ventricular hypertrophy (LVH) and left ventricular geometry. Conventional echocardiographic analysis showed elevated LVMI and a high prevalence of LVH, which increased with declining renal function and was highest in dialysis patients (Table 2 ). Relative wall thickness was also increased, resulting in classification as concentric LV remodeling or concentric LV hypertrophy depending on LVMI in a substantial percentage of patients (Table 2) .
LVMI increased with age, was negatively associated with height and higher in male patients. It was associated with systolic function expressed by midwall fractional shortening in univariate and multivariate analysis but not with Doppler velocity Z-Scores or systolic BP SDS (Tables S3 and S4 ). Concentric left ventricular remodeling and concentric LVH were associated with increased systolic BP SDS and reduced midwall fractional shortening but not with tissue Doppler velocities in multivariable logistic regression (Table 5 ). Left ventricular systolic tissue Doppler velocity Z-Scores showed a borderline negative association with concentric LV hypertrophy in multivariable analysis (Table 4) . 
Discussion
This study in a large cohort of children and adolescents with CKD provides novel information about systolic and diastolic left ventricular function in this condition. Our study encompassed a comprehensive analysis of tissue Doppler derived indicators of diastolic function (early E' , late A' wave, E'/A' , E/E') and systolic function (S'). Measurements were normalized to age-independent z-scores 17 . We demonstrate a significant reduction of systolic and diastolic function in children with CKD compared to healthy children. A critical impact of renal function and blood pressure on diastolic function and a significant association of antihypertensive treatment with RAS blockade with improved left ventricular filling pressure (E/E' Z-Score) and diastolic function (E'/A' Z-Score) was evident. In turn, systolic function (S' Z-Score) was positively influenced by reduced left ventricular filling pressure.
Smaller studies have obtained tissue Doppler measurements in children with CKD, but their interpretation of the results was usually based on small control cohorts of healthy children. Z-Scores based on published reference While there was a high prevalence of LVH typical of many CKD and dialysis cohorts 1, 18, 19 , there was no significant association of diastolic function assessed by tissue Doppler imaging to left ventricular mass or geometry and only a borderline association of systolic TD velocity (S' Z-Score) to LV hypertrophy. Midwall fractional shortening was the only functional measure associated to concentric left ventricular morphology. Previous studies have linked E/E' to left ventricular hypertrophy, but only if LVH was considered very pronounced (>97.5 th percentile) 18 and in a smaller analysis unadjusted for age 20 . However, in the presence of LVH, diastolic or systolic dysfunction may play an additional predictive role for future adverse events 21 or outcomes, as longitudinal analysis may reveal. More importantly, these results suggest that LV morphology alone does not sufficiently identify risk factors for cardiac involvement in children with CKD nor does it precisely enough describe cardiac alterations.
In previous small-sample studies in children with CKD variable Doppler indices such as tissue Doppler E' 16 , E'/A' 13, 14 or conventional pulse wave Doppler E/A 22 were found to be reduced. While an association of diastolic function to serum Cystatin C levels has been shown 23 , no relationship to eGFR has been demonstrated. Our study, investigating a much larger patient cohort, is the first to show independent associations of both lower GFR and higher blood pressure with reduced diastolic function measured by TDI E'/A' Z-Score. Additionally, diastolic function measured by E'/A' Z-Score tended to be better preserved in patients treated with RAS blockade independently of renal function and blood pressure.
The Heart Failure and Echocardiography Associations of the European Society of Cardiology have recommended the evaluation of E/E' in the workup of diastolic heart failure in adults 24 , however its role in childhood is not clear. Here, we observed a globally increased E/E' Z-Scores, indicative of increased left ventricular filling pressure. In hypertensive adults and children with hypertrophic cardiomyopathy, E/E' ratio emerged as a powerful predictor of cardiac events 21, 25 . Also, the finding of the inverse correlation of E/E' Z-Score with systolic TD velocitiy Z-Score may be of importance since our group previously described abnormal systolic mechanics in children with CKD similar to alterations in hypertrophic cardiomyopathy 5 . We describe for the first time an independent association of RAS inhibition with better preservation of LV diastolic function in children with CKD. Notably, the association appeared to be specific for RAS blockers whereas the use of other antihypertensive agents, including diuretics, did not show any relationship with E/E' Z-Score. Previous studies in pediatric CKD failed to show associations of LV filling pressure (E/E') with antihypertensive treatment protocols, possibly due to insufficient sample size or lacking adjustment of Doppler measurements for patient age 14, 16, 22, 26 . We therefore hypothesize that RAS blockade should be the preferred treatment for hypertension in children with CKD independent of the level of proteinuria.
Our study is also the first to demonstrate a close inverse relationship of E/E' Z-Score with systolic function in children with CKD. This pathophysiological relationship emphasizes the importance of optimizing diastolic function, preferably by RAS inhibition although other aspects such as the fluid status of patients should not be neglected in order to improve diastolic function.
Furthermore, our results show a reduction not only of diastolic but also of systolic tissue Doppler velocities in children with CKD compared to healthy individuals, suggesting reduced systolic LV function. This finding confirms earlier findings obtained in pediatric CKD cohorts with various methodologies including analysis of fractional shortening 4 , TD 26 , and strain imaging 5 . Our analysis thus endorses the use of tissue Doppler imaging as a simple method to screen for subtle systolic dysfunction in the setting of normal left ventricular ejection.
While tissue Doppler imaging of the left ventricle is supposed to be more independent of preload than flow Doppler 27-29 , acute preload changes can impact also on tissue Doppler measurements 30 . In this study fluid status was not assessed directly. However, none of our patients was in a critically ill condition with acute volume changes, and patients on hemodialysis were examined between dialysis sessions in order to minimize the effects of acute volume changes. Future studies should however look more closely into the effect of fluid status on cardiac function in children with CKD.
Another obvious limitation of our study is the cross-sectional design of our analysis, which precludes any firm conclusions about causalities.
Chinappa et al. emphasized that the finding of subclinically decreased cardiac function in adults with CKD requires more research into functional mechanisms of cardiac disease in CKD 3 . Similarly, the Investigator Network Initiative Cardiovascular and Renal Clinical Trialists (INI-CRCT) has recently called for more trials evaluating the benefits and risks of cardiovascular medications in patients with CKD 31 . The observations made in www.nature.com/scientificreports www.nature.com/scientificreports/ this study underscore the presence of functional myocardial alterations and both the need and feasibility of using non-invasive imaging in interventional clinical trials in the pediatric subset of the CKD population.
In conclusion, we demonstrated that TD velocities are independent of LV mass and morphology and provide sensitive additional information about early alterations of the left ventricular function in children with CKD. These changes are independently related to the degree of renal functional impairment and systolic blood pressure. Treatment with RAS blockade may be beneficial not only for the prevention of CKD progression but also for cardiac sequelae.
Methods
Subjects and Study Design. The patients were participants of the 4C Study (The Cardiovascular Comorbidity in Children with Chronic Kidney Disease Study, registered at ClinicalTrials.gov NCT01046448 32 . The study prospectively observes 688 patients who were enrolled 2010-2012 at age 6 to 17 years with CKD stage III-V (eGFR < 60 ml/min/1.73 m 2 ). The patients are followed prospectively with annual comprehensive cardiovascular assessments (including oscillometric BP measurements as previously described 2 and echocardiographies) and 6-monthly clinical assessments, blood and urine collection. The measurement of Tissue doppler velocities was not part of the standard echocardiography protocol of the 4C study but was carried out as an ancillary measurement and therefore only available in a subset of patients who were seen by one investigator (A.D.). The patients were not selected specifically for this analysis but were included randomly due to their assignment to the performing investigator. The first available echocardiography per patient during the course of the study was included in the analysis.
The For the present analysis 128 patients at 12 study sites underwent a standardized echocardiographic exam including tissue Doppler measurements at the time of the study visit. Clinical information and biospecimens collected at the same study visit were analyzed for the present study. GFR was calculated by the updated Schwartz formula . Endocardial and midwall fractional shortening was calculated as suggested by Lang et al. 36 . Relative wall thickness was normalized to 10 years of age, using a cut-off of 0.38 as equivalent of the 95 th percentile 37 . Tissue Doppler measurements included early (E') and late (A') diastolic and systolic (S') velocity at the mitral and septal annulus of the left ventricle. Diastolic function was described by E'/A' ratio and left ventricular filling pressure by E/E' ratio.
All exams were performed by a single trained paediatrician (A.D.) and reviewed by an expert paediatric cardiologist (M.C.). All exams were performed on an Acuson P50, Siemens Healthcare, Erlangen. Image analysis was carried out using Syngo (Syngo US Workplace, Siemens Medical Solutions, USA Inc) as digital image evaluation software.
Data analysis.
Results of Tissue Doppler Imaging (TDI) measurements were normalized to patient age by calculation of Z scores based on a published reference cohort of 325 healthy children 17 . Standardized height and BMI were calculated from the WHO growth charts (http://www.who.int/growthref/en). Blood pressure www.nature.com/scientificreports www.nature.com/scientificreports/ values were standardized according to the Fourth Report on Diagnosis, Evaluation and Treatment of High Blood Pressure in Children and Adolescents 38 . Data was tested for normal distribution by the Shapiro-Wilk test. Correlations of all variables of Table 1 to tissue Doppler measurements were tested with Spearman rank order correlation and group comparisons were carried out using chi-squared, t, or Mann-Whitney tests in case of two groups and chi-squared test, ANOVA, or Kruskal-Wallis test in case of more than two groups as appropriate. The influence of anthropometric, biochemical and disease-associated covariates as well as medication on tissue Doppler measurements and LV morphology was analyzed using multivariable linear, mixed and logistic regression modeling. Backward variable selection was performed with a threshold of P = 0.15. All multivariable models were controlled for the influence of age, height and eGFR.
Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
